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. ngh-resolu’aon spectroscopy of HCl and DCl isolated in solid parahydrogen *

Direct, induced, and cooperatlve mfrared transmons

S ST e ina mOle_cular quan‘tum soid -~ -

_ _ Dav1d T. Anderson® .
Departrnent of Chemistry, Unzverszty of Wyomzng
Laramie, WY 82071-3838

Robert J. Hinde -
Department of Chemzstry University of Tennessee
Knoxvzlle T N 3 7966-1600

Simon Tam®.and Mario E. F aJardo
Propulszon Directorate, US Air Force Research Laboratory
AFRL/PRSP, Edwards Air Force Base, CA 93524-7680

The infrared spectroscopy and rovibrational dynamics of HCI and DCI dopants in solid
parahydrogen (pH,) were investigated using h1gh-resolut1on spectroscopic ‘methods. - The

‘b absorptlon specua of HCl and DCT monomers in solid pH7 closely resemble the correspondmg
R low temperature gas phase ‘spectra, mdrcatmg that the: oas phase vibrational a.nd rotational

: V_quantum numbers of the impurity are conserved within the sz solid. Small dev1at10ns from gas

phase behavior are observed, however such as a reduced HCl rotational energy Jevel spacing and

_.sphttmg of the fivefold onentatlonal degeneracy of HCl rotatlonal states w1th J=2. In addition,
. the pure vibrational 01(0) (V—1<—0 J=0<-0) H, transmon whrch is mfra.red inactive In pure sohd
'sz, is detected in the HCI doped sample This transrtlon is mduced in sz molecules by
nerghbonng HCl molecules through a weak “overlap mductlon mechamsm ‘that is the onlyb'

induction mechanism operatlve for J=0 1mpur1t1es in pH,. Rovibrational trans1t1ons are also
detected near the mduced 0:1(0) Hz absorptlon these are attributed to cooperatlve transitions

mvolvmg smgle photon excitation’ of pH>—HCIl pairs. Detaﬂed isotopic analysis reveals that

: these cooperanve transmons involve pure vibrational excitation of the pH; and pure rotauonal-- N

excitation of the HCL Two-molecule transitions have long been studled for 1sotop1c and
rotational dopants (e g, Dy, HD, on‘hohydrogen) 1n solid sz, but this' is the ﬁrst ume such

cooperatwe transitions have been attributed to a chermcal impurity in sz matnces
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L INT RODUCTION
" The infrared ([R) ‘absorption spectroscopy of hydrogen halide dopants HX (X F Cl, Br)

- .m’rare gas (Rg) solids has been studled extensrvely, begmmng in the 1960s These studies. .

revealed that HX dopants in rare gas SOlldS exhibit R(0), R(1), and P(l) rov1brauonal transitions,
as would be expected for HX molecules at temperatures of 10 to 20 K; this mdlcates that the
rotational motion of HX molecules embedded in rare gas matnces is only weakly hmdered For

HCl dopants, this interpretation was later confirmed by ~observations of both the HCL J—l<—0

pure rotational absorption t:ransition2 and the rovibrational Q branch in the HCI Raman L
» spectmm There are two main drfferences between the rovrbratronal spectrum of gas phase HCl
and the spectra exhrblted by HCl dopants In rare gas solids, drfferences which anse from the Rc—n :
: .\ HC1 mterrnolecular potential: a slight redshift in. the v1bratronal band origin and a srnall

‘ 'reductron in the rotatronal spacmg Analysis of the spectral perturbatlons induced by the .'
-cryogemc matrix can therefore provide information on the rovibrational dynamics of HCI

_.wdopants in the matnx envuomnent and the potential surface felt by these dopants in this

envu'onrnent e s

For HCl dopants located m smgle substrtutron srtes of a face centered cubrc (fcc) rare cras

BES crystal the octahedral site symmetry effectrvely ehmmates many of the anisotropic terms in the
’ .Rg—HCl potent1a1 hence a dopant HCl molecule with its center of mass held fixed at the center

_of the substitution site feels a nearly 1sotrop1c onentatlonal potential surface. However, if the

rare gas matnx relaxes around the HCI dopant lowenng the - octahedral symmetry of the

' substltutlon 51te or if the HCI moves away from the center of the cavrty, the potentral amsotropy :
e Vmcreases leadmg to energetlc bamers to the rotatron of the HCl molecule in the matnx Tlus__
: perturbs the rotational motron of the HCl, and can  both shift the energy of excrted HCl rotatronal

‘states wrth 0 and spht the (2J+l)-fold orientational degeneracy of these states. This"

perturbatron of the HCl rotatlonal quantum states by ang'ular anisotropy is historically called a

) -crystal ﬁeld effect : . o . . S
B Ansther perturbatlon of the dopant rotatronal states results from the couplmg between the ‘ o

» dopant s.translatronal and rotat1onal IIlOthIl As the HCL rotates, rts mmunum energy center-

e P

of-mass posrtlon in the smgle substifution site varies, leadmg to a couplmg between the N

molecule s translational and rotat1onal degrees of freedom as it both rotates and rattles around in. "~




‘3’%3 .

"molecules have odd rotatlonal quantum . numbers\JAwhrle parahydrogen (sz) molecules have

© ,m‘\as

[
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the rare gas cavity. This rotation-translation coupling can also lead to deviations of the

-condensed phase spectrum from the gas phase spectrum

W1th these studies in mind, we decided to mvestrgate the 1nfrared spectra of HCl and DCL .-

in cryogemc sohd hydrogen matrices to study the rovibrational dynamlcs of these spec1es in this
environment. ‘While even neon rare gas sohds are fairly well descnbed as classical crystals, the
l1ght mass of H, and weakly attractive HZ—HZ intermolecular forces consp1re to make sohd.

hydrogen a quantum . solid, %12 with physical properties that are dominated by large amplrtude

- zero-point motions of the individual H, molecules about their normnal latt1ce positions. In .

- addition, because the Hy rotatlonal constant is large and the amsotrop1c components of the Hz—Hz

rotational quantum numbers in the SOlld The physrcal propertres of these quantum sohds make

- 'themA ideal ‘solvents” in’ which to study the high-resolution spectroscOpy and rovibrational

_ dynamrcs of chemical impurities in a condensed phase. Accordingly, solid molecular hydrogen

13-28

has been the subject of numerous investigations, > with both pure and doped systems receiving

: consrderable attentron :

Molecular hydrogen ex1sts in two drsnnct nuclear spm modrﬁcauons orthohydro gen, mv

| wlnch the nuclear spins are coupled together to form a tnplet spm state, and parahydrooen in

. Whrch the nuclear spins are coupled together to form a smglet spin state Orthohydrogen (oHa)

even. J values A pure orthohydrogen solid is made up of a collectlon of J=1 moleculem
due to the threefold M ; orientational degeneracy and the permanent quadrupole moment of the

Ll state,{:an form onentatronally ordered phases 5,10 By companson solid parahydrogen is made

)
up of J= 0 molecules “which are md1v1dually sphencally symmetric obJects lacking any

permanent electrostatrc moments Thus sol1d parahydrogen is a collection of 'spherical obJects_‘

“held together only by 1sotrop1c mtermolecular forces, much like a rare gas solid. However an’ _

important d1st1nct10n between solid pHy and rare gas matnces is that the H, molecules that make

thrs dlstmctlon to probe the mlcroscoplc dynamlcs of both the pHy host and the HCI or DCl

. dopant dynamrcs whiich are mediated by the Hz——HCl mtermolecular potentlal

. Sohd pH: is a hexagonal close packed (hcp) crysta.l10 in which nearesf\ neighbor Hy
P

rmolecules are separated by 3.79 A. The equlhbnum distance of the sz—HCI 1ntermolecular '

'mteracnon potential are small, individual Hz molecules retain their gas phase V1bratlonal and .

P
e

Ty Velag

. up solid sz have both rotatronal and v1brat10nal degrees of freedom In this study, we explo1t:_ .




_ potential surface is 3.88 A (see below). -Consequently we expect that the HCI dopant should
| replace a smgle pHa rnolecule in the hep crystal Due to the high symmetry of the smgle

- substrtution site, in which the spatial dtstnbutton of the pH; molecules around the HCl is very

nearly sphencal the amsotroplc orientational potential felt by the HCI due to its twelve nearest
ne1ghbor pHa molecules should be exceedmgly small. Hence the HCI should freely rotate Wrth ‘
its center-of-mass located (on average) at the center of the srte as is the-case when HCI is doped |
into rare gas sohds ‘ _

In this paper we demonstrate that HCl and DCl 1mpur1t1es do in fact rotate nearly freely
n sohd sz matrices, so that the rotatlonal quantum number of the nnpunttes remains good in

the matrix envrronment Thus the infrared absorptlon transitions of HCI and DCI dopants in sz

- . can be labeled usmg gas phase notation. We adopt the standard L, (J’ ) notatlon for. labelmg o,

J’) < (v”—O J’ ) rovibrational absorptions, in which L is given by O, P, O, R or Sfor AJ=J =
S = -—2,,—1’,” 0, +1, or +2, respectively. We find that J=0 HC] and DCI dopants also induce

‘infrared activity in neighboring sz-.moleeules through a weak overlap .inductiOn mechanism

Fmally, we report the ﬁrst observatlons of cooperat1ve transrtrons in chemlcally doped sz__ -

o matnces in whrch a smgle photon excrtes the rotatronal motlon of a dopant molecule and thev- o

| bv1brat10nal coordinate of an adjacent sz molecule These two molecule cooperatrve transrtrons
are the condensed phase analogues of combination bands in van der Waals clusters. v )
» ~ The rest of the paper is organized as follows In Sectron IT we present the expenmental
.» 'detarls germane to this paper. In Section I we present assrgn ‘and parually analyze the"
: spectroscop1c data related to the dJrect infrared excrtatron of the HCl and DCl nnpurmes In‘
: tSectron IV we present ‘and analyze our observat1ons related 0 rov1brat10nal transmons of sz |
' molecules in the matnx mcludlng the sz—HCI cooperatwe transrtrons In Sectron V we discuss |
‘the rov1brat1onal dynamlcs of HCI dopants in a pure v=0 pH; solid and the rotatronal dynarmcs of
HCI dopants with’ erther a nearest nelghbor v=1 pH, molecule or a nearest nelghbor v=1, J=2 Hz o
molecule. Finally, m Section VI we formulate our conclusrons and »dtsc_uss. future. research

directions.” . -




| R EXPERIMENT

. The experimental apparatus and sample preparat1on techmques have been descnbed in

relevant to the present expenments Doped pH;_ solids are prepared by rap1d vapor codeposmon

of precooled sz gas and room temperature. HCI (or DCl) gas onto a BaF; substrate which 1s'
cooled to T~2Kina hqmd helium (IHe) bath cryostat. - The precooled sz is prepared in an
ortho/para H, converter operated at 15 K with nH, (normal hydrogen) inlet rates ~ 200 mmol/h :
yreldmg a pH, flow that i unpmges upon the substrate at a 45° gle The ﬂow rate of the HCl gas

.18 adJusted to produce samples with 10-300 parts per rmlhon (ppm) of HCI in the sz ‘host
matrix. We prepared both ‘samples doped with natural abundance HCl or DCI and samples

detarl elsewhere 2627 _here we. W111 give. only a brief summary, hrghhghtmg the specific aspects -

doped w1th 1sotoprcally enriched H35Cl H’7Cl D*Cl, or D37Cl prepared by reactron of .

/@opmally enrlched NaC@mth concentrated H,SO; and D2804 The HCI and DCI doped sz

’l‘&} ‘d?“"; samples ryptcally contain re51dual of, (J=1) unpuntles at concentratlons of roughly 100 ppm.
H "< - - l

w:yi o= However as we descnbe below some sz samples were mtentronally doped with higher
pf A

e concentratrons of on by operatmg the ortho/para converter at elevated temperatures
The mfrared spectra of the doped sz sohds were. recorded at resolutlons ranomg from »
- 0.005: to 0. 01 cm’ the main optrcal axis is- parallel to the" substrate normal - The Founer

o transform (FT) IR spectrometer (Bruker IFS 120HR) is equipped with a glowbar source, a KBr '

beam sphtter and an InSb detector (1800-9000 cm h. To accommodate the IR spectroscopy, the

) IHe cryostat resides 1nsrde a O 5m’ polycarbonate box purged Wrth a constant ﬂow of dry N, gas :

| As-depos1ted spectra are recorded 1mmed1ately after deposition. Annealed spectra are recorded .
after rarsmg the temperature of the sohd to4 8 K fora spec1ﬁed penod of tlme ‘

| ~In this study, we depart ﬁ'om ‘our normal convention of réporting concentratlons

determmed via the apphcat1on of Beer’s Law to the observed IR absorption spectra. We lack a

- smgle spectroscoplc feature [é.g., the HCl or DCI monomer R;(0) line] which remains observable

over the wrde range of dopant concentratlons employed Instead we report the concent:ratron

ocalculated as the quotrent of the inlet quantities of dopant.and - sz We esttmate that these

_ reported concentratlons are Wlthm + 40 % of the true dopant concentratrons



_ potentlal energy surface (PES) to understand the nature of the HCI substitution srte in sz_ R

I. RESULTS AND ANALYSIS: TRANSITIONS OF HCI AND DCI DOPANTS

We begm by extracting the J=0 H, component from the full 4D HZ—HCI mtermolecular

| matrices. Frgure 1 shows a contour plot of the resultmg pH>-HCI intermolecular potentlal in'a

molecule fixed Cartesran coordinate system. The ongm of the coordinate system 1s the HCI
center of mass and the X-ax15 coincides with the HCI bond axis. The pair potential has a global

minimum V= —88.97 cm _at R=3.88 A for the l1near pH>-HCI configuration, and a local

© minimum 7= —65:46 cm™ at R=3.52 A for the linear pH,~CIH- configuration.. Because the

nearest—newhbor spacrng %in hep crystalhne pHZ 1s 3 79 A we conclude that HCl should easily

ibe accommodated in a single substltutlon site. Given the isotropic nature ofa smgle substitution
- site, the modest amsotropy 1n the sz—HCl PES (see Fig. 1), and the large rotational
constants3°3 ! of HCl (B"“lO 44 cm’l) and DCl (B—-S 39 cm™), the total angular momentum' .

quantum number J associated with HCI and DCI dopants in pH, matnces should remain a good

o quantum number

o _»A Survey scans of HCl and DCl doped sz samples

Survey scans of the- HCI and -DC] doped samples in the. V1c1mty of dopant vibrational
| A fundamental are shown'in Fig.2. As expected, the as-deposned spectrum of HCI in solid pHyis

dominated by the RI(O) absorptlon feature of the HCl and H37Cl dopants present in natural

' '_’abundance in. the HCl sample The 1sotoplc label assocrated with each peak i is easrly 1dent1ﬁed
from ‘the charactenstlc 3:1 1sotoprc abundance. ratio and the 2.1 cm frequency shift™ between'
the- H35C1 and H37Cl fundamental features; these a551gnments are’ unamb1guously confmned -
: usmg 1sotop1cally ennched samples (see below) , , . o
: Upon annealing the sample at 7=4.8 K for short penods of tlrne addltronal sharp features
grow in irreversibly at energies below that of the HCI monomer transition. These sharp features '

' _are due to hydrogen bonded (HCI), clusters that agglomerate in the pH, solid at higher

temperatures followmg thermally—actrvated HCI dlffusmn Furthermore due to the characteristic
shift of the HCI stretchmg ﬁequency upon hydro gen bond formation, the different cluster species

- (=2, 3, etc.) absorb at d1fferent frequencres and are well resolved in the mfrared spectrum Note _ |

that in the as- dep051ted sample the dommant species is’ the HCI monomer, aftesting to the

1solat1on efﬁcrency of the rap1d vapor deposztron method. 2?7 The cluster features are of interest




, ,;;;.paper and Wﬂl be presented separately ina future pubhcatlon

due to. the pervasive role that hydrogen bondmg mteractlons play in a vanety of
envnonments 3233 put further discussion of these transitions is beyond the scope of the present
* A simmilar spectrum is recorded for DCl doped samples in the v1cmlty of the DCl
fundamental Agarn the spectrum of the as-dep031ted samples is dommated by the DC1 Rl(O)
monomer transition, which is actually off scale in Fig. 2. The D*CI and D¥Cl. 1sotopomers are .

present in the 3:1 natural isotopic abundance ratio and give rise to two features separated by the

3.0-cm’™ frequency “difference’’ characteristic of the fundamental DCI stretch' -Upon annealing -

the sample, sharp nansrtrons grow m urevermbly with comparable mtensrty patterns and spacmg

1o those measured in the HCI doped samples By analogy, these additional features are ascnbed :

to (DCI),, clusters that form in the pH, sohd at elevated temperatures i o
For both HCl and DCl dopants some of the sharp features attnbuted to the clusters

appear yery close to the vibrational band origin of the correspondmg MONOMET. These cluster

;lgqfeatures are presumably due to exc1tatron “of the “danglmg” HCl1 or DCI bonds of the various
5 ,cluster spec1es - These s0- called “free or acceptor” HCl and DCl1 molecules are not shlfted

o ‘strongly by the hydrogen bond rnteractron and absorb near the monomer ongm 3235° Regardless

of the specrﬁcs of the’ cluster assignmient for these features, it is clear that they canén pnnc1ple>

. overlap with or obscure the monomer rovibrational transmons However, comparison of the as-

depos1ted and annealed samples can- fac1htate tentative assrgnments of features to isolated

dopants or to clusters; these ass1gnments can be tested via further analys1s For example m ‘the
-next section we show that a small peak at roughly 2072. 2 cm’ ! that is just drscernable in the as-
"deposrted DCI sample arises from the P ey transition of 1solated DCl dopants

| B. DCl/sz rov1brat10nal assxgnment

Ass1gnment of the.DCl monomer features is done by mspectron based on a model of

nearly free rotatron of DCl dopants m the pH2 matnx Based on the gas phase rotattonal

_constant"’ ! of DCl (B~—5 39 cm’l for v-O) at the hrghest temperature (T=4.8 K) accessed in these
expenments\approxunately 89% of the DCl molecules are in the oround J=0 rotatlonal state,

. with 11% in J 1 and less than 0 03% in.J=2. Hence the rovrbratronal spectrum of DCl in szv
should be dominated by a smgle Ri(0) transmon at low temperature with R{1) and Pl(l)

- transmons V1s1ble in the hrgher temperature scans. '
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Infrared spectra of 1sotoplcally enriched D’ 5Cl/sz and D*'Cl/pH, samples are shown in -
/ F1gs 3'and Aﬂespecuvely "The observed transition frequenc1es a:nd linewidths (full width at half -
19 _max1mum or FWHM) are summarized in Table I for both 1sot0pomers Trace (a) is the as-
womt depos1ted D? Cl/sz sample in whlch contributions from (D35Cl)n cluster absorpt1ons are
mlmmal The P\(1) transition 1s evident in this spectrurn approx1mately 4Bor 20 cm’ lower in
energy than the strong R1(0) peak, which is off scale in the spectrum. Traces (b) through (d) ‘
show spectra recorded at T=4.8, 2 4, and 3.6 K, respectively, demonstratmg the reversible
temperature dependence of -this monomer feature The features near ’)078 cm™ assigned to
(DCD, clusters irreversibly 1 increase in mtens1ty durmg the initial anneahng The “hot” Pi(1) and "
' Rl(l) rov1brat1onal transitions at roughly 2072.2 cm” and 2102 6 cm™ , respectlvely, can be
assigned based-on. the1r rever31ble temperature dependence and —4B and +2B spacmg of these

features from RI(O) | - '
o The RI(O) and Pl(l) transmons dlsplay no visible (<0 lem ) f'me structure and/{:husr-t,hese ‘
- two hnes are used to calculate an effect1ve rotatlonal constant BAvg, where Bavg = (By=p +
» _ 'ngl)/z ThlS leads to a va.lue of BAVG =51 ‘em™ (expenmentally md1st1ngulshable for both' _
D35Cl a.nd D37Cl) Wh1ch is close to but sllghtly smaller than the gas phase values®! of 5. 34 cm

’ "Afor D35Cl and 532 cm for DYCL The sl1ght reduction in B in the matrix environment anses

" from’ crystal ﬁeld effects as explamed earher Based on this value of Bavg, the DCI Rl(l).
transition should be observed at 2102 8 cm Cons1stent W1th tlus predlctlon a “hot”

: rov1bratlonal trans1t10n is detected m this reglon that is spht into (at least) three components .

© The average frequency of the three resolvable features is 21 02 6 cm for D35 Cl, Wh.lCh is very, -

~ v,'close to the predtcted Ry(1) -transition frequency The orrgm of the spllttmg of the Rl(l)

. ' trans1t10n will be dlscussed below. With tlns rov1brat10nal assignment, the V1brattonal band
ongm for D*Cl and D37C1 are calculated to be Vo = Y[R1(0) + P(1)] = 2082. 4 e and 2079.4

cm™, respectl-vely, each redshifted by 8.7 cm™ from the corresponding gas phase value |

o _' To further venfy that the Py(1). and Rl(l) trans1t10ns ongmate from a therrnally populated

e ._ J=1 DCl state at approx1mately Ere= 102 cm™ the temperature dependence of the mtegrated

absorbance of these features was fit to a standard Boltzmann equation,

I TN = N (U7 T exp(42B/kZ’)/th(B,v 7 ’ | ),



} where Nj~and B are detenmned via a nonlinear least squares fit to the expenmental data shown

o in Flgs 3 and 4. Orot(B, T) is the rotatronal part1t1on function (calculated for a rigid rotor) and -
5 ’+l) is a term that accounts for both the (2J+l) -fold M; degeneracy and the Honl Londo’"
line: str ,gﬁh factor for the spec1ﬁc transrtlon 5 The Py(1) and Rl(l) ‘data are fit separately, the
L results of tlrese ﬁts are shown in Frg 5 The fact that the two curves do not co1nc1de is due to . .
| v::-" small _ devrﬁ;ons frorn the gas phase Honl- London line strength factors in the matnx '

envu'onment From the two fits shown in Frg 5 we obtain an average B value of 5 + 1 cm

“This Value is consxstent with the rovrbrat1onal ass1gnment presented above Thus, wh11e small

E devratlons from gas phase behavior are observed the appropnate ﬁrst-order plcture that emerges

" Oné more promment deviation from the gas phase spectrum, however is the splitting of

the ’Rl(l) transition into three components. While the origin- of this splitting cannot be

) amblguously deterrmned from the spectroscoplc data alone, we speculate that it arises from a

vvh1ch may srgnal preferentral alignment of the J=2 rotanonal state w1th respect to the pHy
: crystal’s c-ax1$ presumably arises from amsotrop1c terms in the’ onentatronal potential energy'
o surface experienced by the J=2 DCl state in the sz matnx At this pomtf\further theoretrcal_
'modehng is needed to 1nterpret the observed mulnplet structure but the ﬁrst—order p1cture

“ ”_‘T'".rernams one of nearly free rotatron of the DCL dopant Ne1ther the Pl(l) nor the RI(O) ‘transition” E |
- exhibits any visible multlplet structure This 1s 1nterpreted as evrdence that, to w1thm the -
'-_lmewrdth of these transrtlons (O 2 cm FWHM), the pHa mamx does not hft the threefold
degeneracy of the J=1 state in erther vibrational level. ’ '

. ﬂC HCl/sz rov1brat10nal assrgnment _ _
.+ Based on the results for DCl -our expectatron is that HCI should also ﬁ'eely rotate in sohd _

~pHa. However, due to HCl’s larger ; rotatlonal constan 0 (Buc=10.44 cm'l) even at T=4.8 K the
ratio of the J=1 to J 0 populations should be only 1:175 (i.e., th ~1). Thus, the absorption
' ‘spectrum of HCl i n sz should be extremely snnple consrstmg of a s1ngle Rl(O) rov1brat10nal_ o

’where the quoted uncertamty represents the difference in the B values obtamed from the two ﬂts .

iﬁ'om our observatrons is one of nearly free rotatmg DClin the pH2 matrix. : - L

hftrng of the ﬁvefold MJ degeneracy of the /=2 upper- rotational state that 1s accessed in thrs_:_: R
srtron whlch sphts this state into three M 5 components (M J—-O +1 _2) he ThlS sphttmg,f.'-" o




transrtlon out of the ground J=0 rotational state. Based. on the DCl results th1s transmon 1s
' ] expected to appear approximately 10 ¢m™ to the red of the gas phase RI(O) transmon -

dn the survey scans presented in Fig. 2, a stong transition in ‘the HC1 dOPEd sample 15

4'ev1dent"just to the red of 2900 cm™. As noted earlrer this transrtlon dtsplays th ; 1 1sotop1c."‘:_

abundance ratio and 2.1 cm’ ! splitting™® charactenstrc of natural isotopic abundance HCI. This

feature is: assrgned to Rl(O) based on its absolute transition- frequency and rﬁ_a vely broad_ *

| lmesh:,pe ‘The Ry(0) transition for H¥*Cl is at 2894 2 cm”, redshifted by 12.0 cm” from the gas'
phase RI(O) tran51t10n at 2906.2464 cm™. If this transition were 1nstead assigned to the 01(0)
transrtlon it would be blueshrfted by approxrmately 8 cm’ from the gas phase transition energy;
this seems hrghly unllkely given the shape of the sz—HCl mtermolecular PES and the “size’ of

2 smgle substitution site. In addition, 0;(0) transmons of 1mpur1ty species in pHp. are usually -

very sharp because they mvolve pure vibrational exc1tat10n which i only Weakly coupled to the

- pH, sohd In contrast, transmons involving />0 states are generally broader, presumably due to

the m r¢ efficient coupling’ between the low—energy dopant rotational degrees of freedom and the
‘hononmodesofthesohd ) - o R ,

"To Venfy thrs rovrbratronal assrgmnent and to better charactenze the purlty of the HCI
rov1brat10nal quanturn states in pHy, spectra were recorded at the hrghest poss1ble temperatures

| “in order to detect transitions from thermally populated«excrted HCI rotational states. AtT=4.8 K

the ratio of the: gas phase lntegrated mtensmes of Rl(l) to RI(O) should reach 1:263, rnakmg it '
Just pos51b1e to detect the Ri(1) transition in the thrckest most concentrated samples Indeed a
broad feature is observed for both IS 5Cl and H37Cl doped sz solids that is approxunately 2B
hlgher in ‘energy than the correspondlng Ri(0) transifion. The frequenc1es and lmewrdths of
these transrtlons are presented in Table I for both 1sotopomers 5 |
An enlarged region of the monomer spectrum for the H¥Cl doped sample in the vrcrmty ‘
of the RI(_I) transition is shown in F1g 6. The drfferent traces in this figure show the reversible
temperature dependence of the feature ass1gned as Ry(1). The Ri(1) transmon is most evrdent in
trace (e) “which i is the spectrum recorded at 7~ 10.K dunng the destructwe subllmatron of the
sample Frttmg the temperature dependence of the Ri(1) trans1t1on mtensrty to Eq (l) is not‘_
' possible due to the neOhgrbly small mtegrated peak mtensrtres in most spectra. (The temperature -
in the subhmmg sample -cannot be monitored with precrsron because the solid detaches from the

 substrate. ) However, the temperature dependence of this peak is snnllar to that of the “hot” DCI
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' transitions, c’learly indicating that this transition originates from an excited state at a signiﬁcantly

gher energy. Attempts to locate the correspondmg HCI P;(1) transition were unsuccessful .

o because The more concentrated sarnple (284 ppm H35Cl) used to measure’ these weak “hot”

| rov1brat1onal transmons exhibits significant congestmn in the Pl(l) region from (HCI), cluster:
peaks.. | ‘ ,
The RI(O) and Rl(l) transitions are both relatlvely broad under these condltrons but‘__
permit the average rotational constant Bavg of HCI in solid pH, to be estimated. For both HCl
- isotopofners the calculated Bave is 9.1 cm’, which is about 7% smaller than the gas phase

values®® of 9. 825 cm’! for H**Cl and 9.811 cm™ for H*'Cl. Assuming a 2By rotational spacing

between the Rl(O) tran31t10n and the vrbranonal ongm for tlus band, the HCl band ongm Vo & '
r Ri(0) - 2BAVG = 2876 0 cm™ is redshifted: by 9.6 cm’ frorn the gas phase value Thus, the-
rovibrational spectrum of HC1 in pH, closely resembles that of gas phase HCl, except that the

spectrum is redshifted by roughly 10 cm’ ! and exhibits a rotational spacing that is.93% of the gas
phase value. - _ ' B

. The spectroscoplc data presented for all four HCI 1sotopes are. therefore consistent with .
'_ nearly free rotat1on of the HCl 1mpunty w1thm the sz solid. Thus ‘the gas phase rotational
quantum number J associated with the total angular momentum of the HCl remains an
approx1mately good quantum number when the HC] is trapped in the pH2 crystal The nearly
free rotational motion of the HCl is presumably a-direct result of the large rotatlonal constant-of

' the hydnde and the isotropic solvation site that the pH» presents to-the HCI unpurlty

IV. RESULTS AND ANALYSIS sz TRANSITIONS INDUCED BY HCl AND DCl
DOPANTS i
B The Hy Ql(O) v1brat10nal transmon 1is mﬁ‘ared mactxve in pure sohd pH, but is .
observed > % in pH, solids doped with low concentratlons of oH,. The mecharusm by which
oH, dopants induce 1nfrared activity associated with the Oi(0) transition of nearby sz
‘molecules has been studied extensively;’’ in brief, the permanent quadrupole morment of the oH,
impurity generates an electrostatrc ﬁeld that mduces transition dipoles i in sz molecules m the
host matrix. This quadrupole 1nduced-d1pole transrtlon is inactive in pure pHz because a J=0
pH, molecule is a spherical object with no multipolar electrostatic field. The oHa “nduced O1(0)
IR absorption transition in solid pH, doped with oHj, appears at 4153.1 cm” and exhibits a

i




characteristic lrneshape with FWHM 0.4 cm™ that is attributed to vrbron hoppmg that delocalizes .
the v=1 excitation throughout the hcp pH; crystal. 37 Because this transrtron is only IR active if

the oH; unpunty underooes a change in its M, 4 quantum number 1t can be more fully descnbed

as a- 01(0) + Oo(l) transition; this notation emphasizes the requrred presence of the oH, dopant

molecule undergoing the M; orientational transition. The oH, dopants themselves also undergo -

l%\allowed Oi(1) transitions visible at 4146.6 cm™

“‘M Strong external electric fields can also 1nduce '01(0) infrared activity in solid sz, in this

case via the Condon effect.'”  However, the vibron: hopping line- broademng mechanism is

inactive for such a transition because the inducing field is external to the pH, crystal lattrce '

consequently the v1brat1onal exc1tat10n remains locahzed on an individual pH, molecule and the

transition is very sharp it appears at 4149, 70 cm (wrth F WHM O 03 cm’ h at the low—ﬁequency

' end of the vibron band. Sumlar narrow transmons are observed in solid sz matrrces nradrated

w1th y-rays;'® these transitions are thought to arise from a Condon effect induction mechamsm in

_ Wthh the 1nduc1ng field is generated by a large number of 1mmobrle charged species drstnbuted

throughout the sz solid. To the extent that thrs field is umform over large spat1al regrons it
“mimics the effect ofan extemally apphed field. . ' o

‘We have established that HCI and DCI dopants in sz matrices retain a good rotat1onal

- quantum number J, and that the vast majority of these dopants are in the /=0 ground rotational

state at 7=2.4 K. Like pH> molecules, HCl and DCI molecules with J=0 have no permanent

electrostatic field; consequently these dopants cannot induce IR activity in the sz matnx

through mechanisms based on electrostatic 1nduct10n However, /=0 impurities can generate IR

activity in the pH; matrix via an alternative mechamsm based on transrtlon dipole moments

“induced by 1sotrop1c exchange and dispersion mteracnons WhJCh are active even for J=0
species. 38,39 Consequently it may be possrble to observe O;(O) sz transitions in our HCI and

DCl1 doped pH> samples.-

" A.HCl and DCl induced 04(0) H transitions in solid pH, - - s @
Survey scans of the H, fundamental reg10n (4100—4200 cm’ ) of HCl\/doped sz solids
- are shown in Frg 7 Traces (a) through (d) are as-deposrted samples recorded at temperatures

near 2.4 K for pH, samples containing, respectively, only residual oH,, HCl dopants, DCl

dopants, and - both HCI and DCI dopants. The very weak feature just discernable in trace (a) near
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4153 cm’ is the 01(0) pH, absorption induced by residual oH, molecules in the pHz solid.B’23

. ‘The broad absorpt1on at the high energy end of the spectrum is the nsmg edge of the Or(0) Hy
“ 'phonon srdeband which 1nvolves v1brat1onal exmtatlon as well as phonon exc1tat10n to ‘The
= ".extremely sharp features near 4149.4 em” in traces (b) through (d) are mduced by the HCl and
DCl dopant molecules. The frequenc1es and lmew1dths of these features are summarized in
Table I . The fact that these features are observed in the vicinity of the Ha vibrational
_jflmdamental and appear at nearly the same frequency for both the HCl-and DCI doped samples

supports the claim that they involve vibrational excitation lecalized on a pH2 molecule and are

‘not assocrated with vibrational or rotational excitation of the impurity; we assign these features

to the Ql(O) transitions-of sz molecules adjacent to the HCI or DC1 1mpur1ty Traces (c) and (d)

T also show the Rz(O) D*Cl and D’7Cl oyertone rov1brat10nal transmons that serendlpltously

absorb in tlus region.

Hrgh—resolutlon scans of the induced (1(0) pH, feature are shown in F1g 8,

; demonstratmg the extremely sharp nature of this feature in both the HCI and DCl doped solids.
: Traces (a) and (b) are for as-depos1ted D*cl and D’7Cl doped pH> samples respectlvely, Whﬂe
o . traces. (c) and (d) are for the correspondmg as—deposrted HCI 1sotopomer doped samples The
.lmew1dths of these features are close to the experimental resolution of 0.005 cm™ allowmg for

. Very precise determmatlons of the transition energies. Note that given the narrowness of these

features it is easy to resolve the 0.07 cm™ shift between the HCI and DCI induced features. The

- fact that these. features depend on ‘the mass of the dopant specres is consistent ‘with our

hypothesis that these features are induced by the dopants.
The features shown in Fig. 8 appear at frequenc1es very close to the QI(O) pH; transition

: ‘attnbuted to Condon effect induction in sohd sz exposed to an external electric field; like the

Condon effect transitions, these features are also very narrow. An alternative explananon for the

features depicted in Fig. 8 might therefore involve Condon-type induction by the superimposed

'drpolar fields. of the (HCI), dimers present at low concentrations in the as-deposited samples.

| ) However annealing of these samples does not result in the 1rreversrble growth of these features.

Instead additional sharp lines at nearby frequenc1es grow in upon annealmg, these lines are

' attnbuted to induction mechamsms mvolvmg HCI dimers and larger clustérs. Furthermore, Fig.

9 shows that in as-deposited samples, the integrated intensity of the narrow features shown in

Fig. 8 is linearly correlated with the integrated intensity of the HCI R;(0) monomer transition

e
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over a wide range of HCl concentrations. In contrast, if these features were induced byi('HCl)z
dimers (or larger clusters) then the data shown in Flo 9 would exhibit nonlrnear character.
Because the HCI and DCl mduced features shown in Flgs 7 and 8 are present in as- deposrted

absorpt1ons, and do not increase in intensity upon anneahng, we conclude that they are induced

by HCl or DCI monomers and not by clusters. Because nearly all of the HCI and DC] monomers '

in our 'sarnples:are in the J=0 rotational state, we assign these features to Q1(0) Hz + 00(0) HCI
(or DCI) transitions; here the notation “+Qg(0)” emphasizes the fact that the features are mduced

by J=0 HCI or DCI molecules.

~ To conﬁrm that these features are not due to re51dual oH, molecules in the solid, samples

of HCl/pH;_ were™ mtentronally doped wrth hrgher concentrat1ons of ng ‘The results of

_intentionally i increasing the OH') concentratron in pH, and HCl/sz samples are shown in FN lO

Trace (a) shows the absorptlon spectrum at 7=2.4 K of an as-deposrted 33 ppm H’7Cl/pH2
sample also contammg roughly 100 ppm of residual on Trace (b) ‘shows the spectrum at 7=2.5
K of an as- deposrted sz sample contalmng 2800 ppm on and no HCl this spectrum has been

‘rescaled by a mulnphcatrve factor of 0:5- for purposes of cornpanson Trace (c) shows the'
" spectrum at 7=2.4 K of an as-deposited sz sample containing both 52 ppm H3 ’Cl and 1200 ppm
" oH,. | . ‘ ) .

The only discernable induced feature in trace (a) is the 0;(0) H, + Oo(0) HCI induced
absorption; no OHQ'induced H, transitions are visible in this spectrum. In trace (b), the 01(1) oH,

- pure vibrational transrtlon is evident at 4146.65 cm” !'and the oH, induced 01(0) pH;, transition is
'observed at4153.1 em™. The frequencies and hnew1dths of these indtced H, transitions agree
* with literature values:">* Enrichment -with O0H, ‘[trace (c)] does not increase the mtensrcy of the

" HCI induced feature at 4149.4 cm-1, thereby ruling out the possibility that this feature is oH,

dependent. New absorption features near 4139.65, 4143.11, and 4149. 66 cm™, marked with
asterisks, appear only in the oH; enriched HCI doped sample; assignment of these features

which are presumably due to on-HCl clusters; is beyond the scope of the present paper.

It should be empha312ed that the J=0 HCl mduced 01(0) H, transrtlon is extremely Weak

The mam reason that it is detected in the current expenrnent is that the transmon is very sharp,

‘which permits it to be detected using high-resolution FTIR methods. In fact, if the DCl-induced

transitions were only a factor of two broader (and with the same 1ntegrated intensity) they would -
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probably have remained undetected at the current signal-to-noise levels. The. very narrow

" linewidth of the 0(0) transition is intriguing; as we diScuss' in more detail later, it suggests that

the pH2 molecule(s) involved in- this transition aredecoupled frorn the rest of the pH solid.

At present it is’ not known why, as ‘Fig. 8 shows the HCI 1nduced 01(0) feature is”

con51derably more intense than the DCl mduced feature (even after accounting for drfferences in '

B 'concentratlon and spectral resolutlon) The oncrm "of the small satellite peak to the blue of the

01(0) transition inthe HCl doped samples is also not clear at this time.

B. Cooperative pH;-HCI transitions in solid sz
In ‘both the HCI and DCI doped samples feurly broad features- are observed in Fig. 7 at’

e energies shghtly above that of the 0;(0) Hy transition. The frequencres of these dopant 1nduced

absorption features depend on the rotational constant of the impurity. For example, in HCI

doped sz, the first broad doublet feature is approxrrnately 20 cm above the pH, 01(0)

- transition, whrle in the DCI doped sample the analogous feature is only 10 cm’ above the pH;;_

_ : ‘ Ql(O) transition.. Tlus suggests tha.t the spacmgs between these broad features and the mduced

= -_01(0) H, peak are not acc1dental but rather aré determined by the J= 0—)1 rotatlonal spacing of
the HCI or DCI impurity. Fm'therrnore, the mtegrated mtens1tres of these transitions correlate |

.linear’l_y with-the intensity of the R;(0) monomer transitions (see Fig. 9). Accordingly, these

transitions are assigned to 01(0) pH, + Ry(0) HCI (or DCI) cooperative transitions in which the -
dopant molecule undergoes a pure rotational transition in concert with the ,pure vibrational -

‘transition of the pH, molecule. In these transitions, a single infrared photon'excites both the

. -rotational coordinate. of the HCl or:DCl lmpunty and the vibrational coordmate of a nearby pH,

_'molecule In the language of van der Waals cluster spectroscopy, these transition's correspond to
combmatlon bands ) o »
The detailed rov1brat10nal assignments presented in Fig.. 7 are conducted by correlatmv

the gas phase rotational spacing of the dopant with the frequency difference between the

;‘_‘cooperatwe transition and the impurity induced Ql(O) peak. For example the peak labeled 01(0)

Hy + Ry(0) HCl in trace (b) of Fig. 7 1s»approx1mately 2Byc or 20 cm’ hlgher in energy than the

_ HCI induced 01(0) H, transition. Similarly, the first peak to the blue of thé DCI induced 01(0).

H, transition is approximately 2Bpci or 10 cm"l bigher in energy than_the Q}\_(O) transition.
Absorption features blue shifted by roughly 6B from the Ql(O) transition are also observed in
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both the HCl and DCI doped pH, samples‘ Based on this approximate 6B spacing for both
1sotopomers these features are a551gned to QI(O) H, + SO(O) HCl1 (DCl) cooperatlve transmons '
In the DCI doped samples the 01(0) H2 +.50(0) DCI transmon is observed near 4180 crn
with a partlally resolved multrplet structure that 1s presumably due to anisotropic interactions that
llft the M_] degeneracy of the DCI J=2 state. In the case of HCl, the 01(0) H; + S50(0) HCI
transition appears in the low-energy portion of the OR(O) phonon srdeband Thus, in order to
examine the lineshape of this cooperative transition, we recorded the absorpnon spectra of two
samples with the same amount of pH, but with different HCl concentrations and subtracted one

spectrum from the other. Because the only difference between the two samples is the

concentration of HCI, the QR(O)'phonon‘ band is removed by subtraction leaving only the HCI

mduced features, as shown in Fig. 11. This ﬁgure clearly shows the 01(0) Hy + S0(0) H¥Cl peak

at roughly 4209 cm™. Note that this transition is somewhat broader than the corresponding 01(0)\

H, + SO(O) DCI feature shown in Fig. 7, and lacks any drscernable fine structure. This is

presumably due to the better resonance’ matching of the HCI rotation wn:h the pH, phonon
h dens1ty of states \/wh1ch allows for faster relaxation of the HCI rotation. N

N “The 01(0) Hy +Ry(0) HCI (DCl) tran51t1ons are shown on an expanded scale in F1g 12
The dlfference between the 0;(0) peak and the average of the frequenc1es of the-@1(0) Hy + Ro(0)

HCI doublet feature (weighted by the approximate 2:1 1ntens1ty ratio) is the J=0—1 rotational -

spacmg of a v—O state HC] molecule next to av=l sz molecule This g1ves B‘lO 22 cm’! and

| 1020 cm™ for the B> ’Cl and HYCl 1sotopes respectively, values which are very close to the
Bigle) gas phase value®® of 10.44 cm™. A s1m1lar analysis'g orves B=522 and 5. 20 e’ ! for D35Cl'> ‘
-and D? 7Cl respecuvely, as compared with the correspondmg D3 °Cl gas phase value29 of B=5.392

cm"l. These B values compare favorably w1th the BAVG values determined from the direct

'mfrared spectroscopy and with the less precise value of B deterrmned in the Boltzmann analysis.

However, the three B values measure shghtly d1fferent quantmes BAvo 1s averaged over HCl-
Y= 0y mudy=)

v1brat10nal state« the B value determined in the thermal analys1s is for HCI (V—O) surrounded by

ground v1brat10nal state . sz, and the B value detenmned from analysrs the cooperative

transitions is for HCI (V"O) next to a v1branonally excited pH, molecule. . Thus, subtle

d1fferences in the the three B values are not unexpected.

The spectra shown in Fig. 12 are for the isotopically enriched samples, so the rnultlplet'

structuré observed in the 01(0) Hy + Ry(0) HCI (DCl) transition is not due to different
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1sotopomers The sphttmg is in fact a direct measurement of the sphttlng of the threefold.

degeneracy of the J=1 rotational state of the HCI (DCI) monomer by an adjacent vibrationally
exc1ted sz molecule. This sphttmg is 1. 130 cm Dand 1. 156 cm’ ! for HCI and DCI, respectwely

No splitting of the J=1 rotational 'state was measured for HCl surrounded by g Oround vibrational

state pH, molecules. = This 1mphes that exc1tat10n of a neighboring pH: molecule changes

quahtatlvely the orientational PES of the HCI (DL impurity in the matrix env1ronment The

1sotop1c dependence of the observed splitting is consistent with th1s interpretation. The absolute

o magnitude of the splitting is approximately the same for HCl and DCI whlch mearis that relative

to the J=1 to J=0 free rotational spacing, the splitting is a factor of two larger for DCl. A larger

retative sphttmg for DCl is expected because the smaller rotational constant of DCI makes it

eas1er to perturb the dopant s rotatlonal motion by amsotrop1c terms in the PES. We will return

to this point below. '
Another striking observation is the difference in the linewidths for the O1(0) pH, pure

Vibrational'excitation and the cooperative transitions 1(0) Ha + RO(O) HCl or O1(0) Hz + Sy(0)
HCI The linewidth of the QI(O) + Ro(0) cooperauve transmons are in almost quantltatrve_
: agreement w1th the. 11new1dths measured for the correspondmg Rl(O) transmons of the HCI and‘ _ o
' DCl monomers This again is interpreted as evidence that these transitions involve excited

'rotatlonal states whose rotational degrees of freedom couple more strongly with the phonon

modes of the solid than does a pure vibrational transition The fact that the 01(0) Hz + So(0) HCI

linewidths are- “broader than these for DCI is because the cooperative transitions involving HCI

- dopants are more nearly resonant with the peak of the pH, phonon modes, resultmg in faster
- dephasing and relaxation of HCI (/=2) compared to DCI (J=2).

Fmally, we comment bneﬂy on the relatrve 1ntegrated 1ntens1t1es of the 1nduced Ql(O) H2

transitions and the cooperative 01(0) + Ro(0) and Q1(0) + So(0) transitions. As Figs. 7 and 11

show, the integrated intensities of the cooperatlve transitions are much larger than that of the

pure ‘vibrational 0,(0) H, transition. Thls is because two chfferent induction mechamsms give
 rise to these spectral features Aswe have explained, the IR act1v1ty of the pure vibrational Ql(O)

H, transition arises ﬁom transition moments induced by isotropic overlap and dispersion

interactions; these transmon moments are fairly weak.® In the cooperatlve transitions, however

the upper state involves a />0 HCl (DCI) impurity which is no longer isotropic* and/\;herefore /\ R

" exhibits a multipolar electrostatic field. This field induces a vibrational transition d1p01e in the
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neighboring pH, molecule undergoing the 0(0) transition, so that the cooperatlve transmons are

much stronger than the pure 'vibrational transmon

'C HCI perturbed SI(O) Hz transmons :
| Another @ zero phonon pH, transmon that is observed in these studles is the Sl(O)

‘H, ffansition near 4486.1 cm’ , which corresponds to rov1brat10nal excitation of a-single sz

molecule (v=1¢-0, /=2<-0). In pure pH, solids the S1(0) H; transition is IR acflve because the

shown in Fig. 13 for both HCI and DCI doped pH, samples. The pure pH, transmon at 4486.1

cm? is '_neé.rlifl ’of)tically_ black for these 3-mm-thick pH, samples, but weak transitions are

observed_slighﬂy to“the red of ‘this feature in both the HCI and DCI doped samples. The

positions of these features do not chairge to within experimental uncertainty for the ‘individual

35C1 and ¥Cl isotopomers. The intensity of this additional feature scales linearly with HCI

dopant concentration' Thus, the new transition is assigned to the S1(0) transition of pH, with a

e _'i__‘_ne1chbor1n0 HCl or DCI molecule. . : -
The HCI perturbed $1(0) transition is sh1fted 54 cm™ to the red of the pure pH, SI(O)' |
: trans1t10n this shift arises from intermolecular interactions between the HCl dopant and the v=1,

J=2 state of" .Hz._,.-hlterestlngly, the corresponding redshift for the DCl perturbed feature is.

-1

 significantly larger at 7.0 cm”. Such a large isotope effect (1.6 cm™) for a transition that is

localized on a-neighboring pH; molecule is-unusual. In the case of the induced Oy(0) Hy-

-rransirion, by comparison, the spacing between the features iﬁduced by HC1 and DCI impurities

- was only 0.07 cm™. The large isotopic dependence of :tbe perturbed $;(0) sz transition suggests
that the =0 HCI and DCI molecules interact differently with the vibrationally excited /=2 pH,

molecule. Furthermore, attempts to identify cooperative transitions built off the S;(0) transition,

that involved HCI or DC] free rotational excitation were unsuccessful. These ﬁndmgs are
consistent with a model in which the J=2 excited rotatlonal state of the pH moleculé strongly
~ hinders the rotauonal motion of the nelghbonng HCI or DCl specxes If ‘this -is the case, one
would expect that the DCl rotatlonal motion Would be more strongly perturbed than the HCl
rotatronal motion due to the srnaller free rotor spacmg for the DCI spec1es Consequently the

shift of the HCI or DCI perturbed S;(0) transition from the pure pH, S;(O) trandition reflects

changes in the rotational or librational zero point energy- of the HCI or DCI impurity. Attempts
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to confirm this interpretation by modeling the rotational motion of the nominal /=2 H, + J=0

HCI (DCI) pair are currently underway.

IV. DISCUSSION
A HCl and DCl dynamrcs in solid pH;

The direct 1nfrared excitation spectra of HCI and DCl provrde quant1tat1ve measurements

of how the v1brat10n and rotational dynamrcs of these species change when solvated in solid pH2 )

For HCl and DCl, solvatxon in solid pH, redshifts the v1bratronal frequencres by 8.7 and 9.6 crn ‘

~ respecttvely, from the corresponding gas phase values Thrs indicates that the v=1 unpunty 18
Vv-lowered in energy upon solvation to ‘a greater extent than the v=0 impurity. Such an

"mterpretatron agrees with the IR spectroscopy of pHZ-HCl van der Waals . cluster Wthh

measured a —l 09 cm’ shift in the HCI fundamental v1brat10n upon complexatlon 29 "The

redshifts observed here therefore provide further experimental mformanon on the dependence of

~ the sz—HCl potentral on the HCI stretchmg coordmate v
' - The spectra also provrde information on the. dependence of the sz—-HCI potent1al on the

""presented above “that the total angular momentum quantum number of the HCl and DCI

illmpuntles remains reasonably. good in the pHj solid. However, the J—O—)l rotational energy

spacing of HCl or DC1 dopants in pH; is 4-7 % less than that of 1solated HCl or DCl molecules in

. the gas phase This suggests that “upon solvation i in pH> /{he J=1 state of both 1rnpur1t1es is

lowered in energy by a greater amount than the J=0 state, perhaps because the J—l state can
preferentlally sample attrac’nve portions of the sz—HCl PES shown in F1g . . '

 The Rl(l) transition of the- DCl 1sotopomer in sz exhlbrts both a reduced rotatlonal
spacmg and_vrsrble multrplet structure. The observed sphtttng is interpreted as evidence that the
J=2 rotational state accessed in this transition can interact with the sz rnatr'ix through higher

order amsotroplc terms in the mtermolecular potentlal Thus, Whrle the J‘l state is lowered in
_energy but not spht mto resolvable sublevels, the. J‘—Z state is both lowered and spht mto

sublevels Thrs isin accord with elegant symmetry arguments that 1nd1cate ina perfect D3h he '

crystal site the magmtude of the sphttmg of aJ=2 fotational state is srgmﬁcantly greater thar}\of a

 rotational degrees- of freedom of the HC] monomer. It i clear from the spectroscoprc analysrs ;

J=1 rotatlonal state.* Whﬂe such arguments do not take into account any distortion of the pH2 '

crystal structure around the impurity, they provrde a valid- first-order descnpt1on of our
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| _ observatrons All of these findings pointto a recurnng theme throughout tlns study, which is that

the dynamlcs of the solute and solvent are rntrmately coupled

B Dynamlcs of sz-HCl palrs in sohd sz ,
The cooperative transitions built off of the impurity 1nduced 01(0) H, pure vrbratronal
' transmon prov1de a quant1tat1ve energy level draoram for the rotatronal states of HCI next to a

~ single vrbratlonally excrted sz molecule in solid sz. Figure 14 compares the gas phase HCI

-+ - -and DCl rotational energy levels with the rotational energies determined spectroscopically from

the cooperative transitions. For the low rotational states (J=1 and J=2) of HCl and DCl the
rotational le'yel'spacing' in sz is almost identical to the gas 'phase Thrs agam vahdates the
assertron that the HCl and DCI species retain their gas phase quantum number J in the pHy sohd
Yet there is also a clear splitting in the rotational levels in the condensed phase that are absent in
, the gas phase, which is thought to be due to a lifting of the M; degeneracy of the excrted

rotatronal states. by the presence of a neighboring v=1, J—O pH> molecule. The v1brat10na1

- -excitation of the nearest neighbor pH, molecule breaks ‘the syrnmetry of the smgle substrtutron‘_

v31te and deﬁnes the pa1r axis between the vrbratronally excited sz and HCI as the new 3

- symmetry axis. We can develop a quahtatrve prcture of the HCI rotatlonal dynarmcs under the

assumption that this axrs is the M quantization axis; we will use the label k to represent the

projection of the J=1 rotor angular momentum onto this axis in order to emphasize the analogy

~ between the rotatlonal dynamics of the pH>~HCl pair in solid sz and the rotational dynamics of ‘

the gas phase sz—HCl van der Waals dimer.”

In the casé of the J=1 state, the approxrmate 1.3 cm’ sphttmg and the nearly 12 mtensrty
ratio between the two transmons suggests that the lower energy transrtron (Weaker) accesses the
k=0 state while the higher energy feature (stronger) accesses the k=1 state. The same enercretlc
ordenng of k states has been calculated for internal rotor states of the gas phase pH,-HCI dimer
that correlate with J=1 HCL® In the gas phase drrner the Jucr=1, k=0 state 1s lower in energy
because the wavefunction for this stafe preferentlally samples the global minimum’ of the pHy~
HCI PES i 1n Wthh the HCI points toward the H, (z e., the global rmmmurn shown inFig. 1). In
contrast the JHC1—1 k =t internal rotor state wavefunctron has a maximum probab1hty densny

that corresponds to the HCI bond being at nearly rrght angles with respect to the pair axis,
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corresponding to the saddle point between the two minima in'Fig. 1; thus the Jyc=l1, A=£1

‘ internal rotor state has a h1gher energy.

If this model is correct the J—2 HCI and DCl statesl accessed in the Ql(O) + So(O) L

e cooperatrve transmons should also be spht into tnplets w1th k—O il and 2. However the

splrttmg of the J—2 state is not resolved as cleanly as that for the J—l, state due to broademng of

~ the transition and dilution of the oscrllator strength over a greater number of sublevels The

01(0) +:S0(0) transition may also be weaker since it derives the bulk of its 1nten51ty from the.

-quadrupolernornen-t of HCl while the 01(0) + Ro(0) transition depends largely on the dipole

moment of HCL. Nonetheless, the 01(0) + Sp(0) shown in trace (c) of Fig. 7 exhibits two main
' 'peaks that are separated by 1.49 cm , possibly with some weaker features at higher energy. In

| the case of HCI (Fig. 11) the correspondmg transmon is rather broad (8 cm 'FWHM), which

| may in part be due to crystal field effects _

~In addition, since the impurities are conﬁned to single substitution sﬁes«there may be a

strong couplings between translatronal and rotational degrees of freedom. The resultant sphttmg

.vof the HCl M; rotational sublevels accessed in the cooperatrve transmons wﬂl therefore be

- affected by rotatron-translatron couplmg between these: two low energy mot1ons Based upon

' “srmple particle- -in-a-box ideas, the “excited” translatlonal states should be at energies comparable
‘to the HC! and DCI rotatronal energy spacings, possibly leading to strongly coupled motions.

" Due to the extensive zero-point motion of the pH, solid, a ngorous analysis of the

: couplmg between the three- translatronal and two rotatlonal coordinates of the HCl dopant must

also account for translational motion of the pH; molecules and the possrble correlations between

_ these motions. Such.a _ngorous treatment is possrble; using quantum Monte Carlo (QMC)

' '.techniquesg”_provided an accurate intermolecular PES ls available: The data presented here
A descrrbmg HCI rotational motion in the pH, matrix prov1de the expenmental observables that
_ could be used to test ngorous QMC calculations. usrng a trial sz—-HCl PES that mcludes
dependence on the mtramolecular stretchmg coordinates. Such a theoretical treatment of the HCl
' rotatlonal motion in a single substltutlon site, When combmed ‘with the hlgh-resolutlon data
presented here, should provide a full mlcroscoplc p1cture of the quantum dynamlcs of the HCI
impurities in solid pHa. ~ ' ‘ - : ,
‘Another important finding of the present study is that the goodness of the HCl J quantum

nurnber is dependent on the J=0 nature of the pHj solvent. The anomalous isotopic dependence




of -the HCl perturbed H, S1(0) transition (Fig. 13), and our failure to observe cooperative
' transitions built off of tlns feature are taken as evidence that the J=2 Hz molecule restncts the

g _rotatlonal motion of the HCl 1mpur1ty, transforrmng it frorn one of free rotatlon to llbrauon

| C J—O HCl induced Q1(0) H; transmon
N The sharp features shown in F1g 8 are as31gned to pure v1brat1onal Ql(O) excrcatlon of
- pHz molecules. Although the 0;(0) transition is IR inactive in pure pHp, it becomes active in the
-doped pH, solids studied hére through the induction ‘of transition dipole moments via arrfisotropic
overlap ‘mechanism Which 18 the only induction mechanism operative for spherical impuritiesf
The magmtudes of these transition moments are expected to be particularly sensmve to the pH—
4 HCI dlstance consequently the features shown in Fig. 8 represent a rich source of information
about the mrcroscoplc structure of the HCl and DCI substitution sites in pH> solids. An earlier
reportz6 shows that spherical atomlc 1mpur1t1es such as Xe also induce IR absorption near 4150
em™ presumably ansmg from a sumlar mechanism. It is interesting to note that analogous
features mduced by J=0 D; or HD 1mpur1t1es in solid sz have never been reported, despite
numerous comprehenswe h1gh-resolut10n studies of 1sotop1cally subst1tuted solid hydrogens 13,23
’Thrs may be because these transitions are obscured by the broad 01(0) feature 1nduced by
- residual oH, molecules typlcally present in these samples.
‘The sharpness and absolute frequency of the 01(0) transition induced by HCI or DC1 rnay
4t first seem Surprisirlg because the 0y(0) transition induced by oH, is much broader (0.4 cm™
” FWHM) and occurs at a significantly higher frequency (4153.10 cm B3 In contrast, the
Jlinewidth of the HCl induced QI(O) feature is 0.01 cm” and substanﬂally redshifted to 4149 39
B cm™. The 11nerdth and redshift of this transition are intimately lmked because as the vibrational
| frequency of the pH> molecule next to the 1mpur1ty becomes detuned from the v1brat1onal
frequency of the other pH> molecules in the matnx the probability for vibron hopplng to
nelghbormg molecules drops dramatically. Thus, once the 0;(0) pHz vibration 1s excited it
eremams strongly locahzed next to the J=0 HCl impurity molecule ‘which constltutes a“vibron

smk” in the matnx

e
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V. CONCLUSIONS
We present here high-resolution_ IR studies of sohd pHa doped with HCl and DCl

" ,.'_.impuntres - By ut1hzmg the rapid vapor deposmon method developed by Fajardo - and.. ‘
coworkers, 5?7 we show that it is possible to synthesme mllhmeter thick, optlcally transparentb
samples of HCI doped pHy solids that are amenable to high-resolution spectroscopic. .

“investigation.” This approach is shown tfo produce vvell-isolated HCI species at dopant

concentrations of 10 to 100 ppm. Warming the sample to temperatures above 4 K permits

. diffusion of the ‘HC1 species-through' the pHj ‘solid resulting in the formation of (HCl), clusters.

The current study focuses on the rotational and vibrational dynamics of isolated HCI species in

" -.the sz solid.
Thls study 1ndrcates as expected, that "HCl and DCI undergo nearly free internal rotatlon 1

irrside the pH, sohd. This is taken as evidence that the HCI occupies a single substitution site in

‘the hep crystalline structure, because such a site is a nearly isotropic cavity in which the HCl

molecule can"freely rotate. For both HCI and DC], the nearly free rotational dynamics are

mferred from the close resemblance between the condensed phase spectrum and the hypothetlcal

| _ vlow temperature gas phase spectrum

e

: In addition; a weak, extremely narrow,_w@ak absorptron feature is observed near 4149 4-'
_cm ,\Whlch is assigned to a pure vibrational 01(0) pH; transition’ mduced by J=0-HCI and DCl

1mpur1tes through an isotropic overlap induction mechamsm Thus the observed frequency and
intensity ‘of this feature 1s sen51t1vely related to the sz—HCI interaction potentlal and to the
properties of the HCl doped quantum sohd Interestmgly, similar induced transrtlons have been
observed?® for sz samples doped with atoms such as Xe but never before been reported for sz.

solids contalmng J=0 molecular impurities.

The present assignment -of the pH, QI(O) tra.nsmon is confn'med by (1) mvestlgatlon of

oH, ennched samples that show that the intensity of this feature is independent of the oH,

concentratlon and (i1) the observation of cooperauve transmons built off of the sz Ql(O) These

' cooperatwe transitions 1nvolve pure v1brat10nal excrtatlon of the pHz molecule in concert wrth

pure rotatlonal excitation of the HCI (or DCI) unpunty, and exh1b1t the expected dependence on

the rotatlonal constant of the impurity. These cooperative transitions aré appa.rently a general

phenomenon assoc1ated with small molecular dopants embedded n sz matrices, as we have

observed them for pH; solids doped w1th a w1de variety of unpuntles ! Because the rapid vapor



molecules solvated in a quantum solid. | o

_/-—— 5. A F Devonshlre w L 601 (1936)

deposition method used here makes it possible to incorporate nearly any -type ‘of ‘chemical

impurity intd solid pH, these cooperative transitions offer new insight into the dynanifcs of
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Table I. Transition frequenci‘és for HCI and DCI rovibrational transitiohs observed in solid pH

at T~2.4 K. Linewidths (FWHM) are given in parentheses.. All values are in wnits of ™.

transition | psc - - wla’ - o p¥a 0 pal
| HEE - 2072.183 (0.17)  2069.273 (0.20
R0 | 2894.19 (1.2)  2892.06(1.1)  2092.57(0.16)  2089.52 (0.17)
1 .. ! .

Lo S ol 210131(05) - 2098.29 ()
(| 29124 (33) 29103 (4.8)  2102.59(0.6)  2099.60 (0.3)
31(1){ ‘ © . 2103.89(04)  2100.98 (0.4)

. R5(0) 56639 (2) 5659.9 (2) 4121205 (02) 41 15.17 (0.3)'
- "obscured by cluster absorptions = . — 7 ‘
b overlapping structure

Table II. “Transition frequencies for HCI and DCI induced H; rovibrational transitions obsérved
) in és;depgsited solid PHZ samples ai T~24 K. LinewidthsA(F‘WHM) are given in parentheses. -

All values are in units of cm™,

' Tramsion | - B - ®c-- . - DL . - D'ql .
0 00) | 4149394 (0.011) 4149.391(0.012) 4149318 (0.02) 4149.314 (0.02)

C | 4169.02(0.21)  4169.05 () 4158.99’_(0.0’9) 41:58.92.(0._15)».--
Q1(0)+.Ro(0){ 4170.18 (0.70)  4170.16 (0.9) 4160.16 (0.18)  4160.10 (0.23)

T T CATOTT R AIT9TL ()
.Q1(0)+50(0){ | 42098) ) 418126 ()" 418128 ()
50 4480.73 (027)  4480.73 (027)  4479.14 (0.23) 4479.13 (0.2)
? overlapping structure ' '
® ot detc;rmjned
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ME

FIG 1 Contour plot of the attractwe reg10n of the H2-HC1 ab znztzo mtermolecular potent1a1 '

w1th contours spaced at 20 cm mtervals The angular onentatlon of the Hz 1s assumed t0 be

1sotrop1c reducmg the full 4D mtermolecula.r potent1a1 to an effectlve 2D surface. The H2 and

HCl bond lengths are held fixed. Note the nearly c1rcula.r Zero contour. ' . |
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FIG 4. Temperature dependence of D3 7CI/sz monomer fundamental absorptlons (0. 1 cm

: “resoluuon) The sample is a 3 0 mm-thlck 56 ppm D? 7Cl/sz sohd trace (a) is. for the as-

deposited sample at T=2.6 K, trace (b) is during annealing at T'= 4.8 K, trace (c) is for the’

sample recooled to 7= 2.6 K, and trace (d) is for the sample warmed up to 7=3.6 K.
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FIG 6 H3 > Cl/sz monomer fundamental absorpt1ons Spectra for two different samples are -

’ shown (1 0 cm’ resolutlon) Trace (a) i 1s for an as- deposrced 3.0- mm-thmk 30 ppm H 5Cl/sz

sohd at 7=2.4K; the spectrum has been rescaled by a mult1phcat1ve factor of 0. 2 Traces (b)

'Through (e) are for 23.0 mm-thlck 284 ppm H35Cl/pH2 solid; trace (b) is for the as-dep051ted
. .sample at T 2 4 K trace (c) is dunng anneahng atT=438 K trace (d) is for the sa.mple

o "recooIed to T=24 K, and trace (e) is dunng the destructlve subhmatlon of the sample at T~ 10
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FIG. 7 | Survey. of HCI- and DCl-induced IR activity in solid pHa. Trace (a) is the spectrum (0.1

cm resolu’uon) of a 3 1 mm—thlck as-dep051ted 120 ppm oH,/pH, solid at T =2.4 K. The Very

o 'weak feature near 4153 cm is the 01(0) H; absorpuon mduced by res1dua1 on molecules the )
- ‘ broad feature at the r1ght 51de of the spectrum is the nsmg edge of the QR(O) Hz phonon 31deband: :
Trace (b) is for the as- dep051ted 88 ppm HCl/sz sample deplcted in the upper panel of Fig. 2.

Trace (c) is for the as- deposrted 102 ppm DCl/sz sample deprcted in the lower panel of F1g 2.

Trace (d) is for an as- dep051ted 2 9 mm-thJck pH, sample doped with 50 ppm HCI and 100 ppm

DClatT=2.5K;0.01 cm’ resolu’uon "The sharp features in traces (b) through (d) near 4149. 4

cm™ are the 01(0) H, absorptlon transitions mduced by the presence of HCI and DCl dopant N :

%
molecules. The labels “+ Ro(0) DCL” “+ Ro(0) HCI*nd “+ S5(0) DCI” are shorthand for the

01(0) Hy + Ro(0) DCL,-01(0) H, + RO(O)*HCL and 01(0) H; + So(0) DCI cooperative absorptions
in which the dopant molecules undergo a pure rotational transition. Traces (c) and (d) also show

the R»(0) DCI vibrational overtone fransition.
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" FIG. 8: Isotépé Adependence of the 01(0) H, + Oo(0) HCI induced IR aEsorptions. Tfaée (a) is.

the spectrum (0.01 cm™ resolution) of an as-deposited 3.0-mm-thick 49 ppm D**Cl/pH, solid at T

:  = 2.5 K. Trace(b) is the specfrum (0.01 czbn’1 resolution) of an as-deposited 3.0-mm-thick 56

ppm D37CI/pH£ solid-at T=2.5K." Trace (c) is the spectrum (0.005 ém'l resolution) of an as-

deposited 3.0-mm-thick 90 ppm H**CUpH, solid at T=2.4 K. Trace (d) is the spectrum (0.005

! crrfl' résolution) of an as-deposited 2.9-mm-thick 94 ppﬁi HCUpH, solid at T=2.4 K. »5
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FIG. 9. Correlatlon plot of mtegrated mtensmes of dlrect and mduced IR absorptlons in d1lute

as—depos1ted HCI/sz sohds The circles are for the Ql(O) H2 + Ro(O) HCl trans1t10n near 4170\

rescaled by a mult1p11cat1ve factor of 10

em’! the tnangles are for the sharp QI(O) Hz transition near 4149 4 c}n ; the Iatt_er have been
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’ FIG 1 0 oH; and H37Ci inducéé IR acti{/ity in vscSlid sz.- Trace (a) is .the spéctrum t0.00S ;m’l

‘ ';ésblution) of an as-deiaositgd 3.o-mrﬁ-ﬂai¢k 33 ppm HB’cil/pH; solid at T= 2.4 K. 'Tfacé ) ris’ |

- the speétrﬁm (0.008 cm™ resglut_ion) of an és-deposited 4.0-mn’i-thick 2800 ppfn oHy/pH; solid at
T=2.5 K; this spectrum has been rescaled bya multiplicative:factor of 0.5. VTr'ace (c) isthe
spectrum at T=2.4 K (0.01 cm™ resolution) of an as-deposited 3.0-mm-thick pH; solid dﬁoped',j_’:‘

 with 52 ppm.' ppm H>’Cl and 1200 pi)rn OH,. The features .marked b.y asterisks near 4139.65, -

| 4143.11, and 4149.66 cm™ only appear i the sample doped with both HCI and oHy.
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. FIG. 11 I—I35 Cl mduced ]Zliac‘awty in solid sz (O 005 cm’ resolutlon) Trace (@) deplcts an as-
dep051ted 3. O mm-thlck 30 ppm H? Cl/sz solidat 7=2. 4 K trace (b) depicts an as-deposrted

. 3.0- mm—thlck 284 ppm H3 5 CI/pH2 sohd as-depos1ted atT= 2 4 K The lower panel shows the
dlrect subtracuon of trace (b) from trace (a). Cancellatlon of the broad QR(O) phonon s1deband

. reveals the Wea.k Ql(O) Hz + So(_O) HCI COOperat1ve absorptwn near 4209 cm™.
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FIG 12: Isotope dependence of the 0;(0) Hy + Ro(0) HCI (DCI) induced IR absorptlons Trace '

(a) is the spectrum (O 01 cm’ resolu’uon) of an as- deposrced 3.0-mm-thick 49 ppm D35Cl/pH2 o

solid at T=25 K Trace (b) is the spectrum (0. 01 cm’ resolutmn) of an as- dep051ted 3.0-mm-
" thick 56° ppm D Cl/sz sohd atT= 2 5K. Trace (c) is the spectrum (O 005 cm resolutlon) of
an as—depos1ted_ 3.Q-gnm-th1ck 90 ppm H Cl/sz solid at T=_2.4 K. Trace_ (d) is the spectrum

(0.005 crn"1 resolution) of an as-deposited 2.9-mm-thick 94 ppm H'Cl/pHs, solid atT=24K.
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F_IG.'I3. Isotope dependeﬁce of the S’l(O) H, + QQ(O) HCi (DCI) -induced -IR ebserptiens. Trace
“(a)is fer‘the 49 ppm D**Cl/pH, sample depicted above in Fig. 12 (a). Trace (b) is'forvthe 56 ppm

D*'Cl/pH, sample dep1cted in Fig. 12 (b). Trace (c) is for the 102 ppm DCl/sz sample deplcted
' mtrace (a) of the lower panel of Fig. 2:- Trace (d) is for the 90 ppm H35 Cl/pH, sample depicted .

in F1g 12 (c) Trace (e) is for the 94 ppm 3% 7Cl/sz sample depicted in F1g 12 (d) Trace (f) is

S for the 88 ppm HCVPHz sample dep1cted in trace (a) Of the upper panel Of Flg 2
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Fig. 14. Rotational energy Jevels of HCl and DCI in the gas phase (gas) and solvated in solid

pHz Wlth one vibréfioﬁé{ily excited nearest neighbor (sz)s “Both solvéted species dispiay an

approxunately 1 cm’ sphttmg of the J= 1 rotat1ona1 energy level. The J=2 rotational state is spht

mto at least two resolvable sublevels for DCI but only a broad energy ra.noe ‘can be spemﬁed for -

HCl, speciﬁed by the FWHM of the observed spectral feature. e




